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We report the coherent manipulation of electron spins in a double quantum dot integrated with
a micro-magnet. We performed electric dipole spin resonance experiments in the continuous wave
(CW) and pump-and-probe modes. We observed two resonant CW peaks and two Rabi oscillations
of the quantum dot current by sweeping an external magnetic field at a fixed frequency. Two peaks
and oscillations are measured at different resonant magnetic field, which reflects the fact that the
local magnetic fields at each quantum dot are modulated by the stray field of a micro-magnet. As
predicted with a density matrix approach, the CW current is quadratic with respect to microwave
(MW) voltage while the Rabi frequency (νRabi) is linear. The difference between the νRabi values
of two Rabi oscillations directly reflects the MW electric field across the two dots. These results
show that the spins on each dot can be manipulated coherently at will by tuning the micro-magnet
alignment and MW electric field.
I. INTRODUCTION
Following Loss and DiVincenzo’s proposal of spin-
based quantum computing with quantum dots (QDs),1
and motivated by the realization of well-defined single
and double QDs,2–6 and the observation of a robust spin
degree of freedom,7–10 considerable effort has been de-
voted to implementing electron spin qubits with QDs.
The requirements are the coherent manipulation and
detection of single electronic spins, and both have re-
cently been met with an electron spin resonance (ESR)
technique11–14 for a double QD in a Pauli spin block-
ade condition.4,11,16 The application of electron spin res-
onance to spin qubits still presented a challenge, because
a sufficiently strong ac magnetic field has to operate on
single electrons in a QD. A straightforward technique
was initially developed, which involves using a micro-
coil placed on top of a QD with an ac current flowing
through it.11 However, this is accompanied by joule heat-
ing caused by the mA order current flowing through the
coil, and so is not useful for making multiple qubits. Elec-
tric dipole induced spin resonance (EDSR) is a way to
avoid such joule heating, and has been demonstrated us-
ing a spin-orbit interaction12,15 and an inhomogeneous
hyperfine field.13 With both techniques, a local ac mag-
netic field for a QD is generated by employing a mi-
crowave (MW) electric field to the QD. More recently, we
proposed and demonstrated a technique using a slanting
Zeeman field imposed by a micro-magnet,14,17,18 which
produces a stray magnetic field across a QD. The trans-
verse component is a magnetic field gradient of ∼ T/µm
perpendicular to the externally applied dc magnetic field,
and a local effective MW magnetic field is generated by
applying an MW electric field to oscillate an electron in-
side the dot. The longitudinal component is an inho-
mogeneous magnetic field parallel to the external field,
which weakly modulates Zeeman energy across two dots.
This field component depends on the micro-magnet ge-
ometry relative to the QD, and therefore can be used
to selectively address two or more electrons in a coupled
multiple QD at different spin resonance frequencies, lead-
ing to scalable qubits with a QD array.14,19
Double QDs with two electrons are basic elements
for operating various quantum gates, such as swap and
control-not gates,9 all of which utilize the rotation of in-
dividual electron spins and the modulation of exchange
coupling between electrons. The manipulation of two-
electron spins has been demonstrated for swap by electri-
cally modulating the inter-dot tunnel coupling in a dou-
ble QD (Ref. 9) but not the coherent selective manip-
ulation of individual electron spins or two spin qubits.
In this paper, we report the coherent manipulation of
individual electron spins in a series coupled double QD
using EDSR combined with the micro-magnet effect. We
measure a current flowing through a double QD to de-
tect the EDSR current and Rabi oscillations in response
to MW irradiation of the double dot in the continuous
wave (CW) mode and pump-and-probe (p-p) mode, re-
spectively. The CW EDSR peak and the Rabi frequency
measured for various MW powers are both higher for one
of the two dots located closer to the MW gate, reflecting
the effect of the larger MW electric field on this dot. In
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FIG. 1: (a) Scanning electron micrograph of the device. Two
electrons are confined in a lateral double quantum dot by
Schottky gates (gray) deposited on the surface of an Al-
GaAs/GaAs hetero-structure, in which a two-dimensional
electron gas is located 100 nm below the surface. An MW
gate is placed to the left of the double dot. A cobalt micro-
magnet (shown in yellow/light gray) is placed on top of the
dot with a 100 nm thick calixarene insulator film between
them. In this image, the cobalt micro-magnet is intentionally
displaced to show the arrangement of the Schottky gate elec-
trodes. The device is placed in a dilution refrigerator with
an electron temperature of ∼ 150 mK that was estimated by
measuring the peak width of the Coulomb peak. (b) Energy
diagram of the double quantum dot used for the CW EDSR
experiment.
addition, they increase quadratically and linearly, respec-
tively, with MW voltage. These results coincide consis-
tently with the values calculated for our EDSR scheme
using the density matrix approach.17,18 We present the
results of the CW and pump-and-probe experiments in
Secs. II and III, respectively. We compare these results
quantitatively in Sec. IV in terms of the MW electric
field distribution calculated using photon assisted tun-
neling spectroscopy, and we provide our conclusion in
Sec. V.
II. CONTINUOUS WAVE EXPERIMENT
We micro-fabricated a lateral dot sample by using elec-
tron beam and optical lithography as well as vacuum
electron beam deposition. Figure 1(a) shows a scan-
ning electron micrograph of a device that we made for
a fabrication test. It is similar to the device used in
our experiment. We isolate two electrons and separate
them from each other spatially using a gate-defined dou-
ble QD,14 connected in series to source and drain reser-
voirs. The QD parameters estimated from the measure-
ment of stability diagrams are as follows; tunnel cou-
pling t= 0.83 µeV, nominal charging energy, Vintra =
5.0 meV, and inter-dot coupling energy, Vinter = 1 meV.
The micro-magnet is magnetized in-plane (the magneti-
zation is shown by an arrow labeled MCo) by applying
a sufficiently large external in-plane magnetic field B0
exceeding 0.5 T.14 The micro-magnet is located above
the double dot, and generates static out-of-plane (red
arrows) and in-plane (blue arrows) stray fields. In our
calculation, the out-of-plane stray field has a large gradi-
ent of 0.8 T/µm, and the in-plane fields at the two dots
differ by 20 ∼ 30 mT. The MW electric field, EMW, is
produced by applying an MW voltage, VMW, to the MW
gate electrode in Fig. 1(a) closer to the left QD of the two
QDs. The same electrode is used to detune the inter-dot
energy levels in the p-p measurements.
To detect EDSR, we placed the double dot in a Pauli
spin blockade (P-SB) regime in Fig. 1(b) and applied a
CW MW. Figure 2(a) shows the current Idot through the
double dot vs the external magnetic field B0 measured for
the MW at 25.6 GHz (note that we previously obtained
similar data using the same device but under different
conditions.). The source-drain bias was set at 1.0 ∼ 1.5
mV, which is at least 10 times larger than the single pho-
ton energy (typically less than 100 µeV), to avoid photon
assisted tunneling (PAT) through the outer barriers. In
this figure, we can see two peaks separated by 30 mT, re-
flecting the EDSR for the individual electron spins in the
two dots. The current through the double dot is initially
blocked by Pauli exclusion once a spin triplet state has
been formed in the double dot.16 The spin-flip induced by
EDSR dissolves the stacked state of spin triplet states. In
our scheme, only one of two electrons spins flips on reso-
nance while the other stays the same in the off-resonance
state, and the electron state transits to the mixed state
of a spin triplet and singlet state, which lifts the blockade
and gives rise to a finite leakage current in the resonance
condition on either dot.
With low MW power, the EDSR peak height, IEDSR,
is proportional to the square of the MW induced mag-
netic field, BMW. By using a standard density matrix
approach, we can explicitly derive the formula IEDSR ∼=
2pi2eΓφν
2
Rabi
(Γφ)2+δ2
for the lowest order of νRabi where νRabi is the
Rabi frequency proportional to BMW, therefore IEDSR
is quadratic with respect to the MW induced magnetic
field, BMW. Γφ and δ are the decoherence rate and the
inter-dot energy detuning, respectively. The components
of Γφ are the spin decoherence rate and the inter-dot in-
elastic tunneling rate. BMW is proportional to the field
gradient times the root-mean-square displacement of an
electron and, therefore, IEDSR ∝ (EMWibSLi)2, where
EMWi and bSLi (i=1,2) are the amplitude of the MW
electric field and the out-of-plane magnetic field gradient
across the double dot, respectively.14 Here, i = 1 and 2 for
the left and right QDs, respectively. Since bSL is almost
uniform over the double dot, the higher amplitude of the
peak at a smaller B0 in Fig. 2(a) is assigned to the EDSR
for the spin located in the left QD closer to the MW
gate, because EMW1 > EMW2 and thus BMW1 > BMW2 .
We plot the MW power dependence of each EDSR peak
height IEDSR in Fig. 2(b). The power dependences for
each peak fit well to a linear relation. The MW power
is quadratic with respect to the magnitude of the MW
electric field, and this indicates that IEDSR ∝ E2MW as
expected. So from the ratio of the slopes between the
two straight lines, we are able to calculate an EMW ratio
of 1.58 (=
√
2.5) between the two dots.
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FIG. 2: (a) Current Idot as a function of external magnetic
field B0 for MW irradiation at a frequency of 25.6 GHz and
a power of -37 dBm. High and low EDSR peaks are observed
at 4.70 and 4.73 T, respectively. (b) EDSR current IEDSR1,2
vs MW input power. The local electric field depends on the
position of each dot, and is proportional to the square root
of the MW power. The slopes of the two straight lines are
quadratic to EEDSR1 and EEDSR2, and the ratio of the two
peaks IEDSR1 and IEDSR2, (EEDSR1/EEDSR2)
2, agrees with
the values evaluated in the following discussions.
III. PUMP-AND-PROBE EXPERIMENT
After the CW EDSR experiment, we readjusted the
device conditions and performed a p-p experiment to ob-
serve Rabi oscillations. Here, we focus on two EDSR
peaks observed at 3.30 and 3.32 T for an MW frequency
of 18.5 GHz. The procedure of the p-p experiment is
shown in Fig. 3(a) and consists of initialization, pump-
and-probe stages. For initialization, the electron state
is set in the P-SB condition where the configurations of
(↑,↓), (↓,↑), and ( 1√
2
(↑↓ − ↓↑),0) are almost all degener-
ate as in Fig. 1(b). Hereafter, the arrows in the brackets
show the electron states of each dot. ↑ and ↓ indicate the
ground and excited spin states, respectively. The first
arrow shows the electron state of the left dot and the
second shows that of the right dot. 1√
2
(↑↓ − ↓↑) is the
spin singlet state in one dot and “0” indicates an empty
dot. Under the P-SB condition, the two-electron state is
initialized for one of the triplet states, for example, the
(↑,↑) state. In the pump stage, the electron state is adia-
batically moved to the region of the Coulomb blockade by
tuning the MW gate voltage, and then an MW resonant
with one of the electron spins is applied for a finite burst
time, τb. The electron spin flips coherently between the
ground and excited states during the burst time. This
is Rabi oscillation. Finally, in the probe stage, we adia-
batically restore the MW gate voltage to the initial P-SB
condition after turning off the MW. If the spin is flipped
in either dot, the hybridized singlet states of (↑,↓), (↓,↑),
and ( 1√
2
(↑↓ − ↓↑),0) are readily formed to allow a finite
leakage current.
We measured the EDSR current, IEDSR, for various τb
values ranging from 600 to 200 ns in the p-p, as shown
in Fig. 3(b). The p-p repetition rate was 500 kHz. Each
data point is the average IEDSR measured over 20 s. We
had a technical problem with τb < 200 ns, and so we
concentrated solely on τb > 200 ns. The oscillatory cur-
rent with τb indicates Rabi oscillations with a frequency
νRabi of 8.9 MHz in the sinusoidal curve fit including
a linearly increasing background and a phase offset as
a + bτb + c sin(2piνRabiτb + φ0). The current is propor-
tional to the population of ( 1√
2
(↑↓ − ↓↑),0) just after
switching to probe stage and we deduced that the pop-
ulation should be proportional to sin2 (2piνRabiτb/2) =
1
2 (1− sin (2piνRabiτb)) by solving the master equation.
Here we neglect the damping effect. We explain the phys-
ical meanings of parameters a, b, c, and φ0 in the subse-
quent paragraphs. We also performed the same p-p mea-
surement for the other EDSR peak at 3.32 T. However,
the p-p IEDSR was too small to be resolved, probably be-
cause we had adjusted the device conditions to maximize
the larger EDSR peak by sacrificing the smaller EDSR
peak.
We finally performed Rabi oscillation experiments for
both spins to determine whether the Rabi frequencies are
consistently characterized by the CW EDSR data with
the MW power across each dot as a parameter. So, we
readjusted several gate voltages to restore the IEDSR1
and IEDSR2 conditions of Fig. 2 to observe Rabi oscil-
lations for both spins. We used the technique described
in Ref. 12 to average out the effects of nuclear spin po-
larization for the two peaks. For each fixed burst time,
we recorded five current traces by externally sweeping
the magnetic field B0 five times. We swept the magnetic
field from high to low to minimize the nuclear spin po-
larization effect.20,21 We observed large and small EDSR
peaks, namely, IEDSR1 and IEDSR2, around 3.30 and 3.32
T, respectively, for each 20-h run of the B0 sweep and
then averaged IEDSR1 and IEDSR2. Figure 3(c) shows
typical IEDSR data vs τb measured at MW powers of -
27 and -28 dBm in the upper and lower panels, respec-
tively. We applied the same sinusoidal fitting as that in
Fig. 3(b) to trace the oscillatory IEDSR data. Although
the data points are more scattered than those in Fig.
3(b) , the IEDSR1 and IEDSR2 data sets are fairly well
traced, using the common parameters a = 12.8± 4.43 fA
and c = 2.8 ± 0.66fA for both IEDSR1 and IEDSR2 and
b = 8.36± 0.83fA/µs ·mV and 3.66± 1.20fA/µs ·mV for
IEDSR1 and IEDSR2, respectively. The phase offset φ0 is
reported to be about pi/4 reflecting the fluctuating nu-
clear field,11,22 however, the value can be affected by the
condition of the quantum dot.23 Taking account of this
point, we used φ0 as a fitting parameter but with a value
between 0 and pi/4 for each data set used in Fig. 3(b).
Then, we managed to calculate νRabi values of 15 and
11 MHz for IEDSR1 and IEDSR2, respectively, as shown
in the upper panel. We analyzed the data in the lower
panel and calculated values of 11 and 8 MHz for IEDSR1
and IEDSR2, respectively.
Parameter a is the current offset and is responsi-
ble for the positive probability of the probed singlet
( 1√
2
(↑↓ − ↓↑),0) state. This value is common to both
oscillations as expected. Parameter c is the Rabi oscil-
lation amplitude and b is the linear background with re-
spect to τb. We consider that EDSR is accompanied by a
4parallel leakage path of PAT between (↑,↓) or (↓,↑) and
( 1√
2
(↑↓ − ↓↑),0). In the pump stage, an electron spin
turns downwards in a half period of Rabi oscillation. Be-
fore it turns upwards again, the electron can only move
from the right dot to the left dot through PAT with mul-
tiple photons to compensate for the large voltage drop
between the two dots. When PAT does not occur, the
spin continues rotating in the right dot, but in the next
Rabi cycle, the down spin has another chance of moving
to the left dot by PAT. The probability of an electron
moving is proportional to τb, so the background leakage
current increases linearly with τb. It is also larger for
larger EDSR peaks or faster Rabi oscillations, and we
have just begun another experiment to enable us to un-
derstand the mechanism. The PAT process can cause
extra decoherence; in the pump stage, the MW burst ro-
tates one spin coherently, but the PAT can hybridize two
spin singlet states before the MW burst finishes.
The correlation coefficients, R2, evaluated for the sinu-
soidal fitting used here, are about 0.7 while the value for
linear fitting for the background is about 0.59. This is not
very high and reflects the ambiguity caused by the scat-
tering of the data points and the influence of a linearly
increasing background. The data scattering is partly the
result of the reduced averaging time for sweeping over the
wider range of magnetic field, but it is mainly due to the
fluctuating hyperfine field and spin resonance dragging
effect.11,14,21 These effects can be even more significant
in the p-p measurement than in the CW ESR measure-
ment because less averaging is employed.
The νRabi values obtained for different MW input pow-
ers are plotted in Fig. 3(d). The horizontal axis is the
square root of the MW power, which is proportional to
the driving voltage. All the data for each IEDSR fall on a
straight line crossing the origin. By comparing the slopes
of the two straight lines, we find that νRabi for IEDSR1
for the left dot is 1.4 times larger than that for IEDSR2
for the right dot.
The Rabi frequency νRabi is proportional to the MW
induced magnetic field, BMW, which is proportional to
the MW induced electric field, EMW, across the double
dot, i.e., νRabi = gµeBMW/2h = gµe/2h× eEMWl2orb/∆ ·
bSL.
14,17 Here, the orbital spread, lorb, the QD confine-
ment energy, ∆, and the magnetic field gradient, bSL are
48 nm, 0.5 meV, and 0.8 T/µm, respectively.14 These are
all fixed parameters in the present experiment. The only
parameter that is varied is the MW electric field EMW
used to modulate the Rabi oscillation and therefore, the
νRabi ratio between IEDSR1 and IEDSR2 is compared di-
rectly with the EMW ratio between the two dots.
For an MW power of -27 dBm, the mean value ν¯Rabi
between the two νRabi values is 13 MHz in Fig. 3(c).
We use this frequency ν¯Rabi to derive the mean values
of BMW and EMW as B¯MW = 4.6 mT and E¯MW = 1.3
mV/µm, respectively.
(a) (b)
(c)
(d)
(e)
FIG. 3: (a) Schematic diagram of p-p measurement, including
the MW gate voltage setting sequence. The pulse amplitude,
repetition frequency, and MW frequency are 280 µ eV, 500
kHz, and 18.5 GHz, respectively. (b) EDSR current vs MW
burst time (τb) measured for IEDSR1 (left dot). The solid
line shows the fitting of a sinusoidal curve with a linear back-
ground (explained in the text) to Rabi oscillations of IEDSR1.
(c) MW burst time dependence of the two EDSR peaks for two
MW powers. The closed and open dots represent IEDSR1 and
IEDSR2, respectively. The error bars represent the standard
deviation of the current peak values of five measurements.
(d) Rabi oscillation frequency, νRabi, derived by fitting vari-
ous MW νRabi values vs the square root of the MW power to
the data in (c). The large error bars reflect the ambiguity in
the sinusoidal fitting. (e) PAT data of Idot vs inter-dot de-
tuning δ measured for various powers. As the MW power is
increased, more PAT peaks are observed. These PAT peaks
are well reproduced by the square of Bessel functions with the
inter-dot MW voltage drop as a fitting parameter.
IV. COMPREHENSIVE ANALYSIS OF
CONTINUOUS WAVE AND PUMP-AND-PROBE
EXPERIMENTAL RESULTS
For a quantitative understanding of the νRabi ratio be-
tween the two dots, we estimated the EMW distribution
5by measuring the inter-dot PAT. Under the P-SB condi-
tion in Fig. 1(b), there is actually another spin triplet
state (↑↑,0), about 120 µ eV above the (↑,↑) state. P-SB
is not effective if the electrostatic potential of the left dot
is reduced to achieve alignment between the two triplet
states. We measured this triplet resonance current in-
duced by PAT (Ref. 12) in Fig. 3(e). A fit to the theory
provides a good estimation of the inter-dot voltage drop
of 180 µ V.
The estimated distance from the MW gate edge to the
center of the two QDs was 330 nm and the inter-dot dis-
tance was approximately 100 nm,14 with reference to the
lithographic design in Fig. 1(a). The distances from the
edge of the MW gate to the left and right dots were 280
and 380 nm, respectively. The MW gate width is much
larger than the dot size, so we can assume that the MW
electric field is uniform in the vertical direction in Fig.
1(a). We calculated the two-dimensional Coulomb poten-
tial using the above parameters to evaluate the spatial
distribution of the MW electric field across the double
dot. This calculation approach is valid because any sur-
rounding metallic materials are thinner than the shield-
ing length of a high frequency signal, which is called the
skin depth. The electric fields evaluated at the left and
right dots are 1.4 and 1.0 mV/µm, respectively, for MW
power of -27 dBm, and the average electric field matches
the ν¯Rabi value described above. The electric field at the
left dot is 1.4 times larger than that at the right dot. This
ratio is also comparable to the value of 1.58 calculated
from the EDSR peak height in the CW measurement.
V. CONCLUSION
We performed a continuous wave and pump-and-probe
microwave experiment for a double quantum dot inte-
grated with a micro-magnet for the selective observation
of both the continuous wave electric dipole spin resonance
current and the Rabi oscillation for a single electron in
each dot. Both the ratios of the Rabi frequencies and
the continuous wave electric dipole spin resonance cur-
rents between the two dots are consistently reproduced
by the spatial distribution of the microwave electric field
across the two dots. These results indicate that a double
dot device with a micro-magnet will be useful for forming
two or more spin qubits for quantum computing.
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